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The Polycomb Group (PcG) of epigenetic regulators maintains the repressed state of Hox genes during development of Drosophila, thereby
maintaining the correct patterning of the anteroposterior axis. PcG-mediated inheritance of gene expression patterns must be stable to mitosis to
ensure faithful transmission of repressed Hox states during cell division. Previously, two PcG mutants, polyhomeotic and Enhancer of zeste, were
shown to exhibit mitotic segregation defects in embryos, and condensation defects in imaginal discs, respectively. We show that
polyhomeoticproximal but not polyhomeoticdistal is necessary for mitosis. To test if other PcG genes have roles in mitosis, we examined embryos
derived from heterozygous PcG mutant females for mitotic defects. Severe defects in sister chromatid segregation and nuclear fallout, but not
condensation are exhibited by Polycomb, Posterior sex combs and Additional sex combs. By contrast, mutations in Enhancer of zeste (which
encodes the histone methyltransferase subunit of the Polycomb Repressive Complex 2) exhibit condensation but not segregation defects. We
propose that these mitotic defects in PcG mutants delay cell cycle progression. We discuss possible mitotic roles for PcG proteins, and suggest that
delays in cell cycle progression might lead to failure of maintenance.
D 2005 Elsevier Inc. All rights reserved.Keywords: Mitosis; Polycomb; Chromatin bridges; Nuclear fallout; Mitotic delayIntroduction
Polycomb Group (PcG) epigenetic regulators maintain the
previously-specified repressed states of their target genes to
ensure fidelity of the developmental program. Conversely, the
trithorax Group (trxG) of epigenetic regulators maintains
previously-established expression pattern of targets. Together,
the PcG and trxG are known as Maintenance Proteins (MPs)
(Brock and Fisher, 2005). The most-studied targets of PcG
proteins are the Hox genes, whose pattern of expression and
repression along the anteroposterior axis executes the body
plan. PcG proteins are responsible for maintaining epigenetic
inheritance of the repressed state of Hox genes spatially and
temporally across cell divisions. Approximately 20 PcG genes
have been cloned and characterized (reviewed in Brock and
Fisher, 2005) out of an estimated group of 40 potential PcG
genes (Landecker et al., 1994). Though the epigenetic role of0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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many PcG members has not been discovered.
The functional classification of the PcG is based on
membership in large multimeric complexes, or enzymatic
activity, if known. The Polycomb Repressive Complex 1
(PRC1) of Drosophila contains the PcG proteins Polyho-
meotic (PH), Polycomb (PC), Posterior sex combs (PSC),
and Ring as well as the trxG protein Zeste, basal
transcription TATA-Binding Protein (TBP) and TBP-Associ-
ated Factors (TAFs) (Shao et al., 1999). PRC1 inhibits
nucleosome remodeling (Francis et al., 2001). Mammalian
PRC1-like complexes have also been identified and contain
the mammalian homologues of the Drosophila PcG mem-
bers, but do not contain TBP and TAFs (Levine et al., 2002;
Lavigne et al., 2004; Wang et al., 2004). The PRC2
complex contains the PcG proteins Enhancer of zeste,
(E(z)), Extra sex combs (ESC), and Suppressor 12 of Zeste,
as well as Polycomblike in a PRC2 variant (Czermin et al.,
2002; Muller et al., 2002). E(z) methylates H3 at lysine 27
via its SET domain (Cao et al., 2002; Czermin et al., 2002;
Kuzmichev et al., 2002; Muller et al., 2002).90 (2006) 312 – 322
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tions with PcG or trxG mutants. Enhancers of Trithorax and
Polycomb (ETP) enhance the homeotic phenotypes of both
PcG and trxG mutants, implying a role in both maintenance of
activation and repression of Hox targets (Gildea et al., 2000).
Additional sex combs is an ETP, but the molecular basis of this
genetic behaviour is not known (Sinclair et al., 1992; Sinclair et
al., 1998; Milne et al., 1999).
There is suggestive genetic evidence that PcG genes might
have a role in mitosis. E(z) was identified in a screen for
essential cell cycle genes (Gatti and Baker, 1989), and mutants
exhibit reduced mitotic frequencies and proliferation defects
(Phillips and Shearn, 1990). The centrosomal and chromo-
somal factor (ccf, also known as corto) is required for proper
mitotic progression and cell division (Kodjabachian et al.,
1998). The protein encoded by cramped colocalizes with
Proliferating Cell Nuclear Antigen (PCNA) on S-phase
chromosomes (Yamamoto et al., 1997). PCNA is required for
polymerase processivity during DNA replication. The Dro-
sophila PcG gene Multi sex combs (Mxc) behaves as a tumor
suppressor (Santamaria and Randsholt, 1995). Sex combs on
midleg (SCM) has multiple domains with homology to the
lethal(3) malignant brain tumor (l(3)mbt) tumor suppressor
protein (Bornemann et al., 1996). Early embryos derived from
mothers heterozygous mutant for polyhomeotic (ph) exhibit
chromatin bridges at anaphase resulting from sister chromatids
failing to properly segregate (Lupo et al., 2001). Chromatin
bridges are chromatin that has failed to segregate with the rest
of the chromosomes and therefore appear to bridge a pair of
daughter nuclei. Furthermore, one PH isoform physically
interacts with the cell cycle proteins Barren and Topoisomerase
II in vitro. Barren is a Drosophila protein homologous to a
cofactor of the condensin complex, which in yeast is required
for proper chromosome condensation after DNA replication
(Lavoie et al., 2000), and in Drosophila is required for sister
chromosome segregation (Bhat et al., 1996). Topoisomerase II
is a major component of the chromosome scaffold and is an
enzyme that decatenates intertwined DNA strands (reviewed in
Swedlow and Hirano, 2003).
Early Drosophila embryos from 0–3 h after egg laying
provide a convenient system to study mitotic progression. The
first 13 mitotic divisions are synchronous and very rapid (10 to
25 min) due to very abbreviated G1 and G2 phases, and the
absence of cytokinesis (Tram et al., 2002). Maternally
deposited proteins and RNA during oogenesis dictate all early
embryonic processes for the first 3 h of development. The lack
of intervening gap phases between S and M phases of mitosis
during the early syncytial divisions means that checkpoint
mechanisms differ in early (up to 3 h) and later embryos (Tram
et al., 2002). In syncytial embryos, the metaphase to anaphase
transition is delayed in response to damaged DNA, improper
spindle assembly, or faulty centrosome activation (Royou et al.,
2005; Takada et al., 2003; Xu and Du, 2003). Mutations in the
genes encoding the checkpoint proteins Grapes (Grp), Mei41,
and Checkpoint kinase 2 (Chk2) result in segregation defects
since damaged or incompletely replicated DNA fails to trigger
a metaphase to anaphase delay (Royou et al., 2005; Sibon et al.,2000; Xu and Du, 2003; Yu et al., 2000). In addition, delayed
and damaged nuclei trigger the nuclear fallout mechanism that
internalizes faulty nuclei to the embryo’s center, removing
them from the cortical population and preventing them from
becoming somatic nuclei (Sullivan et al., 1993). A high
penetrance of nuclear fallout is a reliable readout of problems
with mitotic progression during early embryonic cell cycles.
We analyzed the PRC1 members ph, Pc, and Psc, the PRC2
member E(z), and the ETPAsx for mitotic defects. All mutants
except E(z) exhibit severe segregation defects and a variety of
mitotic defects not previously described for the Polycomb
Group. We show that segregation defects persist to telophase,
but are likely resolved by the next cell cycle. Only E(z) exhibits
condensation defects. Together, our results indicate that PcG
genes are required for proper cell cycle progression.
Materials and methods
Embryo collection and fixation
All Drosophila mutants used in this study are available from the
Bloomington Drosophila Stock center (Bloomington, Indiana; http://fly.
bio.indiana.edu/). All strains were reared at 20-C on cornmeal-agar medium
supplemented with live yeast paste. For each experiment, we collected
embryos from heterozygous balanced mutant mothers, from wild-type
mothers, and from mothers heterozygous for wild-type and the appropriate
balancer chromosomes. For ph, we compared homozygous mutant mothers,
mutant/balancer, and mutant/wild-type to show that there was no contribu-
tion from the balancer. Flies were acclimatized to the laying chamber for 3
days with frequent changing of laying plates before embryos were collected
for fixation. Embryo collection and staining procedures were adapted from
Ashburner (1989). Embryos were collected at 25-C from a culture of 100
males and 100 females on laying medium containing 5% sucrose, 2% agar,
and 2% apple cider vinegar, supplemented with live yeast paste. 0–3
h embryos were washed, dechorionated in 50% bleach solution, and
immediately transferred into 5 ml of 3.7% formaldehyde in 1 Phosphate
Buffered Saline (PBS, Sambrook et al., 1989) plus 5 ml heptane. Embryos
were shaken gently for 20 s and then fixed with rotation at room
temperature for 20 min. After fixation, the formaldehyde layer was removed
and methanol was added to devitellinize the embryos. Embryos were either
immediately processed for staining or stored in methanol at 20-C.
Embryo rehydration and DNA staining
Fixed embryos were rehydrated in 5 ml of freshly prepared PBT (1 PBS,
1% bovine serum albumin, 0.05% Triton X-100) solution for 20 min at room
temperature on a rotator, followed by several rinses in fresh PBT solution.
Rehydrated embryos were overlayed with 40 AL of 10 mg/ml RNAseA (Sigma)
and placed in 37-C water bath for 2 h. Embryos were rinsed twice with 5 ml
PBT and then stained with TOTO-3 (Molecular Probes) at 2 AM in PBT for 20
min at room temperature. This and subsequent steps were carried out in the
dark. Embryos were washed twice for 10 min each in 1 ml PBT. After removal
of PBT, embryos were suspended in glycerol mounting medium (1 PBS in
90% glycerol) containing 2% Dabco solution as an antifade agent (Sigma) or in
Vectashield mounting medium (Vector Laboratories). Embryos were mounted
onto cleaned glass slides and coverslips were sealed with nail polish.
Alternatively, fixed and RNAseA digested embryos were mounted in
Vectashield mounting medium containing propidium iodide. Slides were kept
at 4-C in the dark until imaging.
Confocal microscopy and image rendering
Embryos stained with nucleic acid stain TOTO-3 or propidium iodide
were examined using a Bio-Rad Radiance Plus Laser Scanning Confocal
E. O’Dor et al. / Developmental Biology 290 (2006) 312–322314Microscope equipped with an inverted Zeiss Axiovert S100TV microscope
and a CCD camera. All embryos from a given collection were scanned
using confocal microscopy, and cell cycle stages and mitotic phenotypes
were recorded. Confocal slices were collected and projected using NIH
Image, and figures were generated using Adobe Photoshop.
Results
polyhomeotic proximal ( php) but not polyhomeotic distal ( phd)
exhibits mitotic defects
Lupo et al. (2001) report that embryos derived from mothers
heterozygous for ph503 exhibit bridges at anaphase and
telophase, and occasionally show chromosome breaks. These
groundbreaking studies did not distinguish between the con-
tributions of the proximal and distal transcription units that
comprise the ph locus, termed php and phd, respectively (Dura et
al., 1987; Hodgson et al., 1997), and only used one allele. To
confirm that the reported mitotic defects arise from mutations in
ph, and not from effects of background, and to determine if both
php and phd contribute to mitotic defects, we examined embryos
from mothers homozygous for ph409 and ph401 for mitoticFig. 1. Early embryos derived from ph mutants exhibit segregation defects at anaph
acid dye TOTO-3 as described in Materials and methods. The scale bar at the lowe
genotype is shown above each panel, and representative embryos are shown in anaph
embryo (OR), all segregating nuclei are separated from their former sister chromatids
derived from ph504/FM7c or ph409 mothers exhibit frequent anaphase bridges of va
type. (B) Quantification of the expressivity of ph defects. The maternal genotypes
shown at the top of each bar, and the number of embryos in anaphase or telophase is
are bridged) are shown as black bars, low frequency defects (less than 10% of nuc
shown as white bars. With the exception of ph401, all ph mutants exhibit similar fdefects. These mutants are null for php and phd, respectively.We
also examined embryos from ph409/FM7c mothers, and com-
pared them to ph409/+ to control for contributions from the
balancer chromosome, and to ph504/FM7c.
We observed very striking segregation defects in embryos
derived from homozygous, heterozygous, or out-crossed ph409
mothers, or from mothers heterozygous for ph504 which is null
for both the proximal and distal ph transcripts. Completely
segregated anaphase nuclei in wild-type embryos appear as
independent entities with no intervening chromatin bridging
the space between them (Fig. 1A). Chromatin bridges appear as
brightly-staining DNA bridging two sets of chromosomes,
which have passed the metaphase to anaphase transition and
have attempted to segregate to their respective poles. In php
mutant embryos, late anaphase nuclei were frequently
connected by chromatin bridges of varying thicknesses. The
bridges may be thick making the joined nuclei irregular in
shape such that they are almost unrecognizable as anaphase
nuclei (Fig. 1A), or the bridges may be thin appearing as
threadlike chromatin connections between sets of sister
chromatids. Strikingly, we observed very low frequencies ofase and telophase. Embryos were fixed and their DNA stained with the nucleic
r left of each panel represents 10 Am. (A) Defects of ph mutants. The maternal
ase (top row) and telophase (bottom row). In normal anaphase from a wild-type
with no chromatin bridges visible in the space between them (arrow). Embryos
rying thicknesses, in contrast to embryos of ph401 mothers, which appear wild-
examined are shown on the x axis. The total number of embryos examined is
shown on the y axis. High frequency defects (over 25% of nuclei in an embryo
lei are bridged) are shown as grey bars, and embryos without any bridges are
requencies of severe defects.
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mothers (Fig. 1A). To eliminate false positives, early anaphase
nuclei were not scored for presence of chromatin bridges
because of the normally close proximity of chromatids at this
stage. Fully segregated late anaphase nuclei are separated from
each other by a distance of approximately 2 Am, therefore any
chromatin observed to be joining anaphase nuclei separated by
this distance was scored as an anaphase bridge. This criterion
was applied to all anaphase figures.
Chromatin bridges persisted to telophase in php mutant
embryos (Fig. 1A, bottom panels). Very thick chromatin
bridges were frequently observed joining telophase nuclei in
php but were never observed in phd mutant embryos.
To quantify the differences between php and phd mutant
embryos, the penetrance and expressivity of chromatin bridges
was scored for each embryo collection. Each embryo in all
collections was examined for chromatin bridges at late
anaphase or telophase. Embryos at mitotic stages 1 to 8 (prior
to nuclear migration to the cortex) were never observed to have
chromatin bridges for any PcG mutant tested (data not shown),
therefore only embryos with anaphase or telophase nuclei
residing in the cortical monolayer (mitotic stages 9–13) were
included in this analysis. To quantify the differences between
wild-type and PcG mutants and to compare differences among
ph mutants themselves, the expressivity of the segregation
defects was scored. Embryos were scored as high frequency
bridges (black bars, greater than 25% of visible nuclei pairs
joined) or low frequency bridges (grey bars, less than 10% of
visible nuclei pairs were joined), or no bridges (white bars).
The expressivity was either high or low, with no intermediate
distribution. These data are presented in Fig. 1B. The
expressivity for polyhomeotic-proximal was the most severe
of all the PcG mutants tested in this paper. Eight of the 10
embryos at anaphase and telophase exhibited very severeFig. 2. Segregation defects from PcG and Asx mutations. (A) Chromatin bridges at an
Pc4 mutants (right panels). The scale bar is 10 Am. (B) Quantification of expressivi
E(z) exhibit high frequency segregation defects.segregation defects while the remaining 2 embryos exhibited
low-frequency defects. No embryo at either anaphase or
telophase was phenotypically normal.
The expressivity of segregation phenotypes for homozygous
php/php and heterozygous php/+ are very similar to each other.
The equivalence of the results with php/FM7c and php/+
shows that the balancer is not contributing to the phenotype. As
expected from comparison of the expressivity of phenotypes
obtained with php and phd, the phenotype of a heterozygous ph
null allele (ph504/FM7c) is equivalent to mutations in php/
FM7c and php/+, confirming that Ph-distal does not contribute
to the segregation defects observed here.
Segregation defects are not restricted to ph p
Early embryos (0–3 h) collected from strains heterozygous
for Polycomb, Posterior sex combs, and Additional sex combs
were DNA-stained, and examined for mitotic defects as
described above. For convenience, we will refer to ‘‘mutant
embryos’’ to designate embryos derived from heterozygous
mutant mothers. As a control for environmentally caused
mitotic defects, wild-type embryos were simultaneously
collected and examined for segregation defects for each
mutant strain examined. To control for contributions from the
balancer, balancer strains were crossed to wild-type flies, and
the progeny of mothers heterozygous for each of the
balancers used in this study were also examined for defects.
Pc, Psc, and Asx embryos exhibit segregation defects.
Examples for Pc and Asx are shown in Fig. 2A. All PcG
mutants tested exhibited high expressivity segregation defects
which were never observed in wild-type embryos or in
balancer controls (Fig. 2B). On average, 72% of the wild-type
embryos at anaphase or telophase appeared completely
normal with no visible chromatin bridges, whereas onlyaphase of Asx3 mutants compared to wild-type (left panels), and in telophase of
ty of segregation defects. Labeling is like in Fig. 1B. All mutants tested except
Fig. 3. E(z) embryos exhibit metaphase defects. (A) E(z) mutants exhibit
condensation defects. Wild-type embryos (OR) have chromosomes that stain
uniformly and align on metaphase plates that are about 2 Am wide. By contrast,
metaphase chromosomes of E(z) mutants stain less uniformly, and align on
metaphase plates that are 5 Am wide. At higher magnification, one can
distinguish regions of brighter staining (arrows) representing higher conden-
sation and of diffuse staining (arrowheads) representing lower condensation
(right panel). (B) Chromatids from E(z) embryos do not align normally. The left
panel shows normal alignment of chromosomes at the metaphase plate in wild-
type embryos, with all chromosome arms aligned within 2.5 Am (dashed lines).
E(z) embryos exhibit chromosome arms that point away from the metaphase
plate (arrows). Scale bar represents 5 Am. (C) Quantification of metaphase
defects. The percentage of metaphase embryos exhibiting condensation or
chromatid misalignment is shown for embryos derived from E(z)63/TM6c
(black), E(z)66/TM6c (grey), TM6c/+ (light grey), and wild-type (OR) (white)
mothers. The same embryos were scored in these experiments and in the E(z)
mutants scored in Fig. 2B.
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normal. Chromatin bridges persist to telophase in each PcG
mutant examined. These data demonstrate that several PcG
mutants and one ETP mutant exhibit severe segregation
defects in syncytial cell cycles.
Interestingly, there was no evidence of metaphase defects in
these PcG mutant embryos. In wild-type embryos with nuclei
at metaphase, sister chromatids are at their most condensed
state and congress at the midline of the mitotic axis prior to
segregation. All PcG embryos with nuclei at metaphase were
carefully examined for any puffs of under-condensed chroma-
tin. In PcG mutants, metaphase plate nuclei were consistently
normal, with no evidence of condensation defects (data not
shown). In addition to normal metaphase figures, the frequency
of anaphase and telophase stage embryos in PcG mutants did
not differ markedly from those in the wild-type collections
(data not shown) indicating no metaphase arrest. Drosophila
embryos are sensitive to hypoxia during development, and
arrest at metaphase (DiGregorio et al., 2001). Therefore, the
severe segregation defects observed in PcG mutant embryos
are not due to hypoxic effects.
E(z) mitotic phenotypes differ from those of other PcG mutants
The data above demonstrate that several PcG genes
encoding subunits of PRC1 and Asx (an ETP) have very
similar and severe segregation phenotypes. However, the PcG
mutant Enhancer of zeste (E(z)) was identified many years ago
in a screen for cell cycle regulators in imaginal disks (Gatti and
Baker, 1989). We examined early embryos of two E(z) alleles
for evidence of mitotic defects. As shown in Fig. 2B, E(z)
mutations exhibit low frequency anaphase or telophase bridges,
similar to wild-type or balancer chromosomes. Interestingly,
E(z) mutants exhibited a phenotype not seen in ph, Pc, Psc, or
Asx. In wild-type embryos, metaphase chromosomes appear
very highly compacted and are uniformly and brightly-staining
(Fig. 3A). In contrast, early embryos of E(z) mutants exhibited
significantly under-condensed chromatin at metaphase, causing
the metaphase plate width to increase from a normal width of
approximately 2 Am to approximately 5 Am (Fig. 3A).
Examining the under-condensed metaphase chromatin of E(z)
mutants at higher magnification reveals lighter-staining fuzzy
puffs of undercondensed chromatin punctuated by brightly
staining condensed chromatin (Fig. 3A).
Another phenotype encountered at metaphase in embryos
from E(z) mutants is chromosome misalignment at the
metaphase plate. In wild-type embryos, the sister chromatid
arms have a tight configuration at the metaphase plate such
that individual chromatid arms and telomeres are not
discernible (Fig. 3B). In contrast, E(z)-derived embryos
exhibit chromatid arms that do not properly align at the
metaphase plate but instead project outward (Fig. 3B). These
sets of chromatids do not have the tightly-aligned ‘‘bar’’
configuration seen in wild-type embryos. These observations
are quantified in Fig. 3C. Two E(z) alleles exhibit much
higher expressivity of condensation and alignment defects
compared to wild-type and balancer controls.PcG mutants exhibit cell cycle delays
PcG and Asx mutants exhibited severe segregation pheno-
types. The severity of the phenotype suggests that the timing of
cell cycle progression may be compromised. Mitosis in early
embryos is synchronous, and proceeds in waves starting at the
poles. Strikingly, in mutant embryos, this synchrony can break
down, so that contiguous regions of the embryo are in different
stages of the cell cycle (Fig. 4). This supports the idea that PcG
mutations lead to delays in mitosis.
To look for further evidence of cell cycle delay, we
examined the early embryos of PcG mutants for nuclear
fallout. Nuclear fallout is a mechanism in early embryos that
ensures the removal of nuclei with abnormal mitoses from the
cortical population by internalizing them into the yolk
(Sullivan et al., 1993). We examined embryos collected from
each PcG mutant for the presence of fallout nuclei in the
subcortical space underneath surface nuclei in mitotic stage 9–
13 embryos. In order to distinguish fallout nuclei from the
Fig. 4. PcG mutant embryos exhibit asynchronous cell division. In wild-type
embryos (OR), mitosis proceeds in wave starting from each pole. Distinct zones
can be seen containing synchronously dividing metaphase (MP), early
anaphase (EA), and late anaphase (LA) nuclei. In the embryo derived from
Pc4/TM6c mothers, one can see nuclei in close proximity at different stages of
mitosis. Metaphase nuclei are enclosed in white dots, early anaphase nuclei are
enclosed in black dots, and late anaphase nuclei are enclosed by dashes. Scale
bar is 10 Am.
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only scored when nuclei were found at 2–20 Am below the
cortex, because these nuclei are still in the process of
internalization. Mitotic stage 14 embryos are nearing gastru-
lation and were not included in this assay to ensure that
normally involuting and migrating cells are not mistaken for
fallout nuclei.Fig. 5. Nuclear fallout in early embryos of PcG mutants. (A) Nuclear fallout in em
scale bar represents 10 Am in each panel. (A) Most wild-type embryos have either n
mutants, there are multiple fallout events in embryos. The fallout nuclei tend to be in
and Asx mutants. The genotypes examined are indicated below each bar in the x a
nuclei) is shown in black, low severity fallout (less than 5 nuclei) is shown in grey. A
type and balancer controls. The same embryos were scored in Figs. 1B, 2B and 3CIn wild-type embryos, nuclear fallout appears at very low
frequency, with most embryos having zero fallout nuclei at
2–20 Am below the cortex (Fig. 5A). In cases where
nuclear fallout was detected in wild-type embryos, only a
few fallout nuclei were observed (Fig. 5A). In contrast,
embryos of PcG mutants have a severe nuclear fallout
phenotype (Fig. 5A). In PcG mutants, fallout nuclei are
generally in clusters or in pairs, with multiple fallout events
in each embryo. Fallout nuclei are most often round and
appear similar to late telophase nuclei (data not shown).
These data demonstrate that the PcG mutants that exhibit
severe segregation defects also experience significant delays
in mitotic progression. The severe nuclear fallout phenotype
indicates that proper mitotic progression in many nuclei was
irreparably compromised.
As with segregation defects, the penetrance and expressivity
of the nuclear fallout phenotype were scored for each PcG
mutant tested and are significantly above wild-type for each
PcG mutant (Fig. 5B). The expressivity of nuclear fallout was
scored as being either low-frequency (5 fallout nuclei or fewer
per embryo) or high frequency (greater than 5 fallout nuclei per
embryo). High frequency fallout events were generally much
more severe than 5 nuclei, with larger clusters of nuclei and
multiple fallout events per embryo. In contrast, nuclear fallout
in E(z)-derived embryo was much lower than other PcG
mutants examined (Fig. 5B), although it was slightly morebryos derived from wild-type (OR), ph504/FM7c, and Asx3/CyO mothers. The
o fallout events (left) or one or two fallout nuclei (arrows) per embryo. In PcG
pairs or in clusters. (B) Quantification of expressivity of nuclear fallout in PcG
xis. The percentage of embryos exhibiting high severity fallout (greater than 5
ll mutants except E(z) exhibit high severity of nuclear fallout compared to wild-
.
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Interestingly, when fallout nuclei were observed in E(z)
embryos, they were often at the metaphase stage (data not
shown), which differs from nuclei of the other PcG mutants
surveyed (data not shown).
All embryos from each collection were carefully examined,
allowing us to detect a number of low-penetrant mitotic
phenotypes. The most striking embryos were from mothers
mutant for ph that exhibited mitotic catastrophe with com-
pletely disorganized chromosomes that appeared to have no
regular pattern or normal ploidy (Fig. 6A). These embryos have
very few and abnormally large nuclei. While some nuclei have
a normal spherical shape, others are amorphous. There are also
extensive chromosome fragments both near the nuclei and
scattered throughout the embryo. This phenotype is severe, but
the penetrance was approximately 2% in ph embryos. It was
not encountered in any other PcG mutant embryos, or in wild-
type embryos.Fig. 6. Embryos from PcG mutant embryos exhibit a variety of low-penetrant
mitotic defects. (A) Rare phenotypes of embryos derived from ph409/ph409
mothers. Embryos in the top row exhibit a ‘‘mitotic catastrophe’’ phenotype
with giant and fragmented nuclei lacking a regular pattern and 2N ploidy.
Magnification of these abnormal nuclei (bottom row) reveals nuclei which
appear to be large collections of unorganized chromatin, with chromatin
bridges (arrowhead, left panel), large and irregularly-shaped nuclei (center
panel), and extensively fragmented chromosomes (arrows, right panel).
Embryos exhibiting mitotic catastrophe were encountered exclusively in
collections from php mutant mothers. Scale bars represent 10 Am in all
panels. (B) Examples of low-penetrant mitotic defects exhibited by all PcG
mutant embryos (except phd and E(z)). Chromatin bridges which were very
abundant at telophase likely resolve because large irregularly-shaped nuclei
(arrowhead, left panel) and chromosome fragments (arrows, left panel) were
rarely encountered, as were polyploid nuclei (arrow, center panel). In addition,
evidence of chromatin bridges at prometaphase (arrow, right panel) was very
rare, indicating that bridging chromatin likely does not persist past the
telophase stage.Other phenotypes were observed infrequently in Pc, Psc,
and Asx embryos (Fig. 6B). Some nuclei were irregularly-
shaped with multiple lobes or oval-shaped with an extremely
large size. Normally, telophase nuclei are 2–3 Am in diameter
whereas these large nuclei were 5–7 Am in diameter at their
widest point and may represent extreme segregation defects or
polyploid nuclei. Chromosome fragments were occasionally
observed as very small fragments of DNA staining at levels
similar to neighboring nuclei. Occasionally, polyploid nuclei
were observed. Polyploid nuclei were only scored at the late
prometaphase or metaphase stage since chromosome conden-
sation facilitated easy counting of ploidy.
Other low-penetrant phenotypes included chromatin bridges
that persisted to the prometaphase stage of the next cell cycle
(Fig. 6B). Normally, chromatin bridges were observed at only
anaphase and telophase. In a few embryos, however, nuclei at
prometaphase (identified by unevenly-staining chromatin in the
process of condensing into individual chromosomes) were also
bridged by chromatin. Evidence of gaps or breaks within the
chromatin bridges was also very infrequent (data not shown).
Together, all low-penetrant mitotic phenotypes accounted for
4–10% of total mitotic defects observed in the PcG embryos.
These low penetrant phenotypes are likely the result of mitotic
defects that persist and are not removed by mitotic delay or
nuclear fallout.
Discussion
ph p is required for normal mitosis
Together, our data for ph mutations confirm the original
observation of Lupo et al. (2001) that ph503 mutations exhibit
mitotic defects. We extend their original observations in several
ways. First, the observation that strains out-crossed to wild-type
flies show similar frequencies of defects compared to heterozy-
gous mutants show that the phenotypes arise from ph mutations
rather than background effects. Second, embryos derived from
homozygous ph409 mothers show similar frequencies of mitotic
defects to those derived from heterozygous mothers. These
results suggest that for ph, the severity of the phenotype reaches
a plateau when the amount of Ph is reduced below a threshold
which must be greater than 50% of the wild-type amount. Third,
only php (ph409) is necessary for normal mitosis, because
mutations in phd (ph401) have no effect on mitosis. This
observation is consistent with the data of Lupo et al. (2001),
who showed that only one isoform of Ph-P coimmunoprecipi-
tates with Barren or Topoisomerase II. This observation supports
the conclusion that Ph-P and Ph-D have different functions
(Hodgson et al., 1997). Fourth, because homozygous ph409 flies
are viable, the ph phenotypes reported here represent those of
maternal germline nulls.
PcG and ETP genes have a role in syncytial cell cycle
progression
Our results show that early embryos of PcG and Asx
mutants exhibit highly penetrant and expressive mitotic
E. O’Dor et al. / Developmental Biology 290 (2006) 312–322 319phenotypes in syncytial embryos, consistent with problems in
cell cycle progression. A summary of all alleles tested for
mitotic defects appears in Table 1. Two classes of phenotypes
are observed: segregation defects and condensation defects,
but no mutant exhibits both phenotypes. In these experiments,
with the exception of ph, we scored embryos derived from
heterozygous mothers, in which 50% of the wild-type product
remain. Therefore, we cannot rule out the possibility that
more severe mitotic phenotypes would be observed in
embryos derived from homozygous mothers, resulting in less
distinct differences between E(z) and other mutants. Consis-
tent with this caveat, when homozygous E(z)5 (l(3)1902)
mutant imaginal disks were examined, both condensation
defects and chromosome breakage consistent with problems
in segregation were observed (Gatti and Baker, 1989), so E(z)
may function in both condensation and segregation. Our data
show that embryos derived from homozygous ph-proximal
mutants do not have condensation defects, so at a minimum,
E(z) has at least one role in mitosis different from that of ph.
To accurately compare the roles of different PcG and ETP
genes in mitosis, it will be necessary to examine mutations
derived from homozygous mutant mothers, or from germline
clones.
Mutations in the PcG genes Sex combs extra and Sex combs
on midleg reduce proliferation of ovarian follicle cells in
Drosophila, suggesting that other PcG members are also
required for cell cycle progression (Narbonne et al., 2004).
We predict that other PcG and ETP group mutants not tested
here will also exhibit significant mitotic defects.
Most chromatin bridges are resolved
Given the high penetrance and expressivity of the
chromatin bridge phenotype in PcG mutant embryos, what
becomes of the embryos with severe chromatin bridges, and
more specifically, what happens to chromatin bridges
themselves? Four observations suggest that most chromatin
bridges are resolved in PcG mutants. First, nuclear fallout
should remove unresolved nuclei, but relatively few falloutTable 1
A summary of PcG mutants surveyed for segregation defects at 0–3 h of
embryogenesis







Additional sex combs Asx3/CyRoi 
Additional sex combs Df(trix)/CyRoi 
Polycomb PcXT109/TM6C 
Polycomb Pc4/TM6C 
Posterior sex combs Psc1/CyO 
Posterior sex combs Psc15/CyO 
Enhancer of zeste E(z)63/TM6C 
Enhancer of zeste E(z)66/TM6C nuclei were observed in any embryo. Second, anaphase and
telophase embryos together made up 7–9% of the total
developed embryos, a proportion that is consistent with the
short duration of those mitotic phases (Ji et al., 2004). This
low proportion of embryos in anaphase or telophase argues
that the embryos that exhibited severe chromatin bridges
were not developmentally arrested or dead. Third, only a few
embryos out of all mutants tested appeared to have bridged
prometaphase nuclei. If chromatin bridges did not resolve,
one would expect a higher proportion of these prometaphase
bridges. Fourth, unresolved chromatin bridges should break.
However, fragmented chromosomes, evidence of chromo-
some breakage and all low-penetrant mitotic defects
accounted for only 4–10% of the total mitotic defects
observed in mutant embryos.
Do PcG and ETP mutations delay the cell cycle?
C(2)EN embryos carrying an abnormally long second
chromosome exhibited chromatin bridges between some nuclei
since the extra-long chromosomes were not able to fully
segregate during anaphase (Sullivan et al., 1993). These
bridged nuclei lagged behind neighboring nuclei and were
subsequently removed from the cortex by the fallout mecha-
nism once they reached telophase. Therefore, the fallout nuclei
observed in PcG mutants are likely previously-bridged nuclei
not able to resolve in time to maintain overall mitotic
synchrony. Interestingly, the fallout nuclei were never joined
by chromatin bridges. This may be because the delay is only
detected once the bridges are resolved, or the bridged nuclei
‘‘snap-back’’ and fuse with each other, as has been observed for
bridged nuclei in embryos mutant for grapes, a checkpoint
gene required at several cell cycle stages (Fogarty et al., 1994,
1997; Yu et al., 2000).
Occasionally, the fallout mechanism may be unable to detect
or remove delayed nuclei. If resolved, these nuclei may appear
as asynchronous to neighboring nuclei, or, if bridged, they
appear as prometaphase bridges, polyploid, giant nuclei or
chromosome breaks. The embryos of polyhomeotic mutants
develop at a slower rate than those of wild-type flies as judged
by timed embryo collections (data not shown). The slower
developmental rate may reflect delays in the mitotic cycles due
to segregation defects. In other cases, the most extreme
segregation defects overwhelm the fallout mechanisms and
continue with the mitotic program until the segregation failures
reach a critical point and the embryo dies. The embryos in Fig.
6A likely represent this scenario. In these embryos, the cortex
is completely disorganized with very large amorphous nuclei
and extensive chromosome breakage. These embryos are
probably dead and appear to be the result of cumulative effects
of several rounds of segregation defects.
It remains to be determined whether the length of cell cycle
stages in PcG mutants is altered by a checkpoint pathway. In
syncytial embryos, the metaphase to anaphase transition is
delayed in response to damaged DNA, improper spindle
assembly, or faulty centrosome activation (Royou et al.,
2005; Takada et al., 2003; Xu and Du, 2003). Activation of
E. O’Dor et al. / Developmental Biology 290 (2006) 312–322320the spindle checkpoint also delays mitotic progression (Logar-
inho et al., 2004). It is possible that the mitotic defects of PcG
embryos also delay the mitotic cycle by activating a pre-mitotic
checkpoint.
Could PcG or ETP proteins have a direct role in mitosis?
PcG proteins could have a direct structural or enzymatic role
in mitosis, separate from their role in silencing. PcG proteins
associate with chromatin in a cell cycle-dependent manner. In
Drosophila embryos, Polyhomeotic (PH), Polycomb (PC), and
Posterior sex combs (PSC) proteins associate with chromatin at
S phase, almost completely dissociate by metaphase and
reassociate at telophase (Buchenau et al., 1998). BMI1, the
human homologue of PSC, shows a similar pattern of
association and dissociation in primary and tumor cell lines
(Voncken et al., 1999). Therefore, PcG proteins are present
during the key events of mitosis that occur prior to metaphase.
An interesting recent report shows that Set1, the yeast homolog
of the MP Trithorax, methylates a component of the
kinetochore (Zhang et al., 2005), consistent with the possibility
that the methyltransferase activity of E(z) could directly modify
proteins needed for mitosis.
The presence of anaphase bridges in ph, Pc, Psc, and
Asx mutants does not necessarily imply that PcG proteins
act at anaphase. Mitotic defects may arise at other cell cycle
stages but carry forward to manifest as a segregation
phenotype. Many different Drosophila cell cycle genes
regulating every stage of the cell cycle also have chromatin
bridge phenotypes. Some examples include kinesin-like
enzymes (Rogers et al., 2004), a variety of regulatory
kinases such as polo kinase (Donaldson et al., 2001) and
aurora-like kinases (Giet and Glover, 2001), replication
checkpoint regulators such as grapes (Su et al., 1999; Ji
et al., 2004), chk2 (Xu and Du, 2003), and mei-41 (Sibon et
al., 1999), and genes involved in sister chromatid segrega-
tion such as pimples and three rows (Stratmann and Lehner,
1996; Philp et al., 1994).
PcG proteins could be required at DNA synthesis. As
noted in the introduction, CRM colocalizes with PCNA,
which is required for DNA synthesis (Yamamoto et al.,
1997). Therefore, CRM, and by extension, other PcG
proteins could have a role in elongation of replication forks.
RAE28, the homolog of PH, interacts and colocalizes with
GEMININ, a replication licensing factor (Luo et al., 2004).
There have been suggestions in the literature that silenced
genes are late-replicating (Wolffe, 1994; Cimbora and
Groudine, 2001; Gilbert, 2002; Goren and Cedar, 2003),
and this observation has been supported in Drosophila.
Therefore, PcG mutations, by interfering with silencing or
chromatin structure, could affect replication timing in
mitosis. Consistent with this idea, PC tethered near an origin
interferes with origin activity (Aggarwal and Calvi, 2004).
However, Zhimulev et al. (2003) report that an E(z) mutation
does not affect replication timing in polytene chromosomes.
This may be a reflection of the differences in possible
mitotic roles between E(z) and other PcG members. Interest-ingly, in mammals, heritable gene silencing delays chromatid
resolution without affecting timing of DNA replication
(Azuara et al., 2003).
PcG proteins could also be required for association of sister
chromatids. Interaction between PcG Response Elements
(PREs), presumably mediated by PcG proteins, is important
for repression of PcG targets (Kassis, 2002). Interaction
between PcG proteins has been proposed to account for the
high likelihood of insertion of PRE-containing transgenes in
genomic regions that already contain a PRE (Fauvarque and
Dura, 1993). By analogy, PcG proteins could have roles in
sister chromatid adhesion or resolution.
Finally, PcG proteins could be required for chromatin
condensation prior to metaphase. This hypothesis is consistent
with the E(z) phenotype, in which mitotic chromosomes fail
to condense. E(z) is a histone methyltransferase (Czermin et
al., 2002; Muller et al., 2002). Histone modifications, notably
hypoacetylation and methylation of histone H3 lysine 9 and
27, have been associated with heterochromatin and silencing
(Cao and Zhang, 2004; Schotta et al., 2004), consistent with
the idea that E(z) might have a role in chromosome
condensation. In support of this idea, PH-P coimmunopreci-
pitates with Barren and Topoisomerase II (Lupo et al., 2001).
Though Barren is a member of the condensin complex, it is
not essential for condensation, but is required for sister
chromatid resolution (Bhat et al., 1996). We speculate that
E(z) has a specific role in condensation separate from the role
of other PcG proteins, perhaps because its role as a
methyltransferase might be required for targets other than
histones. It will be interesting to determine if all PRC2
members exhibit condensation defects.
PcG mutations could have indirect effects on mitosis
PcG genes could have indirect effects on mitosis if they are
required for regulation of genes that are themselves important for
mitosis, or to prevent expression of genes that disrupt mitosis.
There are two clear precedents for this possibility. Bmi1, the
mammalian Psc homolog originally identified as an oncogene, is
also required for regulating lymphoid cell proliferation via
repression of the ink4a tumor suppressor locus (Jacobs et al.,
1999). Mel18, another mammalian Psc homologue, was
originally identified as a tumor suppressor and inhibits cell
cycle progression likely via repression of c-myc, leading to
downregulation of cyclins and CDKs (Tetsu et al., 1998). If PcG-
mediated regulation of proteins important for the cell cycle
accounts for the mitotic phenotypes we observe in embryos, then
this challenges the assumption that maintenance proteins are
required only to propagate expression states of genes between
cell cycles.
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